Variations in grain size, clay mineral composition, and stable isotopes (δ 13 C and δ 15 N) are closely linked to the sedimentary facies that reflect mineralogical and geochemical modification during the retreat and advance of the Larsen ice shelf. A whole round core of marine sediment (EAP13-GC17, 236 cm below the sea floor) was collected on the northwestern Larsen B embayment of the Antarctic Peninsula during a marine geological expedition (the ARA13 Cruise Expedition by the Korea Polar Research Institute, 2013). Four sedimentary facies (U1-U4) were clearly distinguishable: bioturbated sandy mud (open marine, U1), laminated sandy mud (sub-floating ice shelf, U2), sandy clay aggregates (deglacial, U3), and muddy diamictons (sub-glacial, U4), as well as interbedded silty. Clay minerals, including smectite, chlorite, illite, and kaolinite, were detected throughout the core. An increase in the clay mineral ratio of smectite/(illite + chlorite) was clearly observed in the open marine condition, which was strongly indicated by both a heavier isotopic composition of δ 13 C and δ 15 N (−24.4‰ and 4.3‰, respectively), and an abrupt increase in 10 Be concentration (~30 times). An increase in the average values of the crystal packet thickness of illite (~1.5 times) in U1 also indicated sediments transported in open marine conditions. Based on the clay mineral composition in U1, the sediments are likely to have been transported from the Weddell Sea. The clay mineralogical assessments conducted in this region have significant implications for our understanding of paleodepositional environments.
Introduction
Mineralogical and geochemical investigations of marine sediments from the continental shelf around Antarctica provide significant clues about the stability and proximity of ice shelves, and the influx of terrigenous sediments and meltwater during deglaciation [1, 2] . Since clay minerals are major components of continental shelf sediments [3] , their assemblages [4] [5] [6] , structures [7] , and chemistry [8, 9] are frequently used to determine the paleoceanography and paleoclimatology. Smectite clay minerals, typical of the chemical alteration of mafic igneous rocks in warm and humid climates [10] , and structurally defect-rich hydrous minerals [11] are good indicators of sediments provenance from a warm and humid location; in contrast, illite and chlorite result from the physical weathering of metamorphic and sedimentary rocks under cold climate conditions [12] . Variations in clay mineral composition are therefore useful for investigating the provenance and source rock of sediments, particularly in Antarctic environments where secondary mineral alteration is minimal [9, 13] . measurements, and stable isotopic compositions that improve our interpretation of paleoenvironmental changes in the Antarctic region. This study also provides new mineralogical and geochemical data for the worldwide database on Holocene paleoclimatic observations, which will allow for comparisons of the Holocene environmental changes of different continental shelves. For this study, a marine geological expedition (4th April to 15th May, 2013) recovered a gravity core (EAP13-GC17) in the northwestern Weddell Sea, which made possible marine geological investigation in this previously inaccessible region ( Figure 1 ). 
Materials and Methods

Sampling Location
A whole round core (EAP13-GC17, 236 cm below the sea floor) of marine sediments was recovered (65 • 48.16' S, 60 • 39.42' W; 526 m) in the LIS-B embayment of the Antarctic Peninsula during a marine geological expedition in 2013 (the ARA13 Cruise Expedition by the Korea Polar Research Institute (KOPRI), Figure 1 ). The ice sheet on the Antarctic Peninsula grounded on the nearby continental shelf edge at the LGM [31, 32] . Retreat of the ice sheet began at the outer shelf at~18.3 kyr BP [33] . Paleo-climate records suggest the Holocene Climate Optimum occurred~11 kyr BP , but there is no evidence for disintegration of ice shelves until the Mid-Holocene warming~4.5-3 kyr BP [34, 35] . Over the last 50 years, the Antarctic Peninsula has undergone recent rapid regional warming, which has progressed considerably faster than the global mean [28] . Prior to 1995, three parts of the LIS, referred to as LIS-A, LIS-B, and LIS-C, filled three adjacent embayments. LIS-B was continuously persistant during the Holocene until 2005, based on a comparison of diatom abundance between the LIS-A and LIS-B [36] . LIS-A and LIS-B collapsed suddenly in 1995 and 2002, respectively; only small parts of the LIS-A and LIS-B remain now.
Analysis of Sedimentary Facies and Grain Size
The sediment core was divided into two halves; one half was scanned by X-ray radiograph, and the second half was archived at KOPRI. A qualitative color scale (Munsell color chart and code) was used to describe the color variations in the sediment column. Grain size was measured every 4 cm to determine the size fractions of gravel (>2 mm), sand (62.5 µm-2 mm), silt (2 µm-62.5 µm), and clay (<2 µm) following a conventional separation method [37] . Gravel and sand size particles (>62.5 µm) were determined by wet sieving. The content of silt and clay (fine particles smaller than 62.5 µm) was measured with a laser grain size analyzer (Micrometrics Sedigraph 5100) at KOPRI, Incheon, Korea.
X-ray Diffraction
X-ray diffraction (XRD) analyses were conducted on air-dried and glycolated size fraction samples (<2 µm) at a 1.5 • /min scan speed, with an automated diffractometer (Rigaku Miniflex II) using Cu-Kα radiation at Yonsei University, Seoul, Korea. The clay mineralogy of sediments was analyzed at 15 cm intervals, depending on changes in sedimentary facies and colors. Clay size fraction samples were dispersed in distilled water (0.7 mg/mL) and put in an ultrasonic water bath for 30 s to prevent flocculation of particles. Then, air-dried samples were made by pipetting sediment dispersions onto slide glasses for XRD analysis [38] . Semi-quantitative evaluations of clay minerals were measured after the glycolation treatment. The relative percentage of each clay mineral was calculated using weighting factors [39, 40] , then the clay mineral ratio of smectite/(illite + chlorite) was measured to interpret the relative significance of the clay mineral sources [41] . Crystallographical Search-Match software (version 2.0.3.1) was used to identify the clay mineralogy, and semi-quantitative analysis was followed to estimate the relative proportions of smectite, illite, kaolinite and chlorite [39, 40] . The Biscaye method is widely used in this study, and has been proven for tracing the provenance of marine sediments in recent studies [3, [42] [43] [44] . In total, six sets of clay samples were measured by XRD for statistical evaluation, such as average and standard deviation (SD).
Transmission Electron Microscopy
Based on the XRD results, representative depths from U1 (18 cm below seafloor (cmbsf)), U2 (125 cmbsf), U3 (170 cmbsf), and U4 (200 cmbsf) of the EAP13-GC17 core were selected for transmission electron microscopy (TEM) measurements. Clay particles separated from sediments were impregnated with LR White resin, to prevent structural alterations resulting from the dehydration of clay minerals under the high-energy TEM beam condition [45] . TEM specimens were sectioned at a thickness of 100 nm using an ultramicrotome (ULTRACUT TCT; at the Korea Basic Science Institute) and then put on a holey carbon grid [38] . Variations in structure and elemental composition of clay minerals were measured by JEOL JEM-ARM 200F TEM equipped with energy-dispersive x-ray spectroscopy (EDS) at Yonsei University, Incheon, Korea. Lattice-fringe images were used to differentiate the illite layers (10 Å) from the smectite layers (12-13 Å), while the EDS was used to measure the elemental composition of each mineral. Around 80-100 illite packets for each unit were measured on the lattice-fringe images using Digital Micrograph TM software by counting 10 Å fringes parallel to c* across well-defined illite packets. The packet is defined by discrete domains with coherent layers of illite distinguished by dislocation or contrast [45] . Illite layers were also confirmed by selected area electron diffraction (SAED) patterns, with the strongest Bragg reflections of 1.0, 0.5, and 0.33 nm. Then, mean thickness and standard deviation (SD) were calculated.
Isotopic Composition (δ 13 C and δ 15 N)
A total of 56 subsamples (~50 mg each sample) were collected into tin capsules to analyze isotopic composition of δ 13 C and δ 15 N in sediment with depths. These 56 subsamples were analyzed using elemental analyzer-isotope ratio mass spectrometry (EA-IRMS) (Iso-Analytical Limited, Cheshire, United Kingdom) to determine their δ 13 C and δ 15 N isotope compositions. Isotopic composition of δ 13 C and δ 15 N, with a precision of 0.03‰-0.04‰ and 0.07‰-0.09‰, were measured. Then, average values were calculated from each unit. Samples were prepared with 1 M of hydrochloric acid overnight to remove inorganic carbon in sediments. The samples were then neutralized by washing them three times with distilled water, and subsequently oven dried at 60 • C. The reference material used during δ 13 C analysis of acid-washed sediment samples was IA-R001 (wheat flour: δ 13 C V-PDB = −26.43‰). IA-R001 is calibrated against and traceable to IAEA-CH-6 (sucrose: δ 13 C V-PDB = −10.43‰), which is an inter-laboratory comparison standard distributed by the International Atomic Energy Agency (IAEA), Vienna, Austria.
For 15 N analysis, samples and reference materials were dropped in sequence into a furnace held at 1000 • C, where they were combusted in an oxygen rich environment. The resultant gases-N 2 , NO x , H 2 O, O 2 , and CO 2 -were swept through a reduction stage of pure copper wires held at 600 • C. Gas species of different masses were separated in a magnetic field, then the isotopomers of N 2 at m/z 28, 29, and 30 were simultaneously measured using a Faraday cup collector array. The reference materials used during δ 15 N analysis were IA-R001 (wheat flour: δ 15 N AIR = 2.55‰) and IA-R046 (ammonium sulfate: δ 15 N AIR = 22.04‰). IA-R001 and IA-R046 were calibrated against and traceable to IAEA-N-1 (ammonium sulfate, δ 15 N AIR = 0.4 ‰), which is an inter-laboratory comparison standard distributed by the IAEA, Vienna, Austria.
Results
Lithological Units and Isotope Data
The sediment core (EAP13-GC17) was subdivided into four distinct lithological units from top (U1) to bottom (U4) via X-ray radiograph images and optical observation ( Figure 2) . A distinct color and lithology of bioturbated light olive gray (5Y 5/2) sandy clay and lamination, including ice-rafted debris, was identifiable in the upper 35 cm (U1) of the core, compared to the homogeneous silty clay and discontinuous laminations visible between 35-129 cmbsf (U2). In U2, two sub-units were clearly observed in U2: (1) cmbsf). Moving down the core, U3 contained three distinct sub-units: (1) olive gray (5Y 4/1) interbedded silty clay and granulated, sandy silt-clay aggregates (129-134 cmbsf); (2) dark greenishgray (5G 4/1), stratified, granule-rich, sandy, gravely mud (134-155 cmbsf); and (3) dark greenishgray (5G 4/1), muddy, uncompacted diamicton (155-180 cmbsf). Dark greenish-gray (5G 4/1) muddy diamicton with granules was observed at the bottom of the core (180-236 cmbsf, U4). The isotopic compositions of δ 13 C and δ 15 N measured, on average, to be −24.4‰ and 4.3‰ (U1), −25.8‰ and 1.5‰ (U2), −26.9‰ and 1.7‰ (U3), and −26.0‰ and 1.5‰ (U4, Figure 2 ), respectively. Meteoric 10 Be concentration increased gradually from the bottom of the sample upwards, and reached its maximum values (599.17 ± 6.56 × 10 6 atoms·g −1 ) in the uppermost part (0-35 cmbsf) of the core [20] .
Semi-Quantification of Clay Minerals and Mineralogy
Major mineral composition in bulk sediments are smectite, illite, chlorite, kaolinite, albite, and quartz with whole depths. There are no significant mineralogical variations with depth. The average clay mineral composition was dominated by illite (60.5%) and chlorite (23.2%) in U1, with less abundant clay minerals of kaolinite (12.9%) and smectite (6.0%, Table 1 ). Similar clay compositions were observed in U2, U3, and U4, consisting of illite (50.6%), chlorite (31.3%), kaolinite (16.8%) and smectite (2.7%). The clay mineral ratio, smectite/(illite + chlorite), varied from 0.018 to 0.094, with an average of 0.041 (Figure 2) . The ratio reached a maximum (0.078-0.094) in the uppermost part of the core. Air-dried and ethylene-glycolated size-fraction samples were used to confirm the content of smectite, chlorite, illite, and kaolinite. XRD profiles showed that the major mineral compositions were smectite (S), chlorite (Ch), kaolinite (K), illite (I), illite-smectite mixed-layer (I/S), plasioclase (Pl), and clay-sized quartz (Q), consistent through all depths of the core (Figure 3 ). In addition, there is little shoulder between 9-10 two-theta degrees, indicating interstratified I/S. Nonetheless, no TEM lattice fringe images were measured. Chlorite (14 Å), illite (10 Å), and kaolinite (7 Å) showed strong peaks at all depths, and smectite peaks (~17.5 Å) were very weak at all depths ( Figure 3 ). Comparing the relative peak intensity of the minerals showed little difference of intensities through the depths, but the intensities of smectite and illite peaks slightly increased in U1 (3-33 cmbsf) compared to other depths. 
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Electron Microscopic Measurement
A representative clay mineral packet from each unit of the core was measured in the TEM lattice-fringe images, as well as the insets of the corresponding SAED patterns and EDS (Figure 4) . The TEM images in the U1 (Figure 4a ) showed large packets (mean thickness = 7.4 nm, SD = 3.1 for 99 particles), and an elemental composition of the circled area of (Ca 00.08 Na 0. 23 (Figure 4d ). The SAED patterns of U1, U3, and U4 showed a discrete Bragg's reflection of d001 = 1.0 nm, compared to the diffuse and randomly oriented pattern in U2. The 1.0 nm-phase of illite clay minerals in U1-4 also showed variation in the values of Al/Si (0.53 ± 0.03, 0.52 ± 0.06, 0.56 ± 0.03, and 0.58 ± 0.05, respectively). 
Discussion
Depositional Environments
Sediment structures with a distinct lithological unit revealed the depositional environments for the advance and retreat of ice shelves in the glacial and interglacial periods, corroborated by the isotopic fractionations. The appearance of ice-rafted debris and foraminifera in the bioturbated sediment (U1) indicates the occasionally open marine conditions that supplied the marine organic matter corresponding to the rapid increases of δ 13 C and δ 15 N and the maximum concentration of 10 Be (Figure 2 ). Muddy facies, particularly abundant in U1, also support the idea that sediment input came from the distal sub-ice shelf [32] . The development of lamination in U2 is likely associated with subglacial melt water and tidal pumping from the grounding zone, when ice shelves retreated under 
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Depositional Environments
Sediment structures with a distinct lithological unit revealed the depositional environments for the advance and retreat of ice shelves in the glacial and interglacial periods, corroborated by the isotopic fractionations. The appearance of ice-rafted debris and foraminifera in the bioturbated sediment (U1) indicates the occasionally open marine conditions that supplied the marine organic matter corresponding to the rapid increases of δ 13 C and δ 15 N and the maximum concentration of 10 Be (Figure 2 ). Muddy facies, particularly abundant in U1, also support the idea that sediment input came from the distal sub-ice shelf [32] . The development of lamination in U2 is likely associated with subglacial melt water and tidal pumping from the grounding zone, when ice shelves retreated under an ice-thinning process [7] ; as indicated by the gradual increase in 10 Be concentration, these processes resulted in the stratified layers, with sorted granules seen in U2. Furthermore, the slight increase in δ 13 C and consistent values of δ 15 N in U2 indicate a stable sub-ice shelf environment controlled by proximity to the grounding zone of the ice shelf. The deposition of dark gray sandy diamictons in U3 and U4 indicate their proximity to the grounding zone of the ice shelf during the deglaciation and LGM. The negative values for δ 13 C and δ 15 N seen in U3 and U4 suggest that little organic matter was supplied from the marine environment, in comparison with U1. The negative values of δ 13 C, ranging from −25.5‰ to −30.0‰, and values of δ 15 N less than 3‰, also indicate the terrestrial end-member in continental shelf sediments [46, 47] , compatible with the lowest value of meteoric 10 Be (U4). These results are correlated with the glacially sculpted streamline on the sea floor, reported from analyses of multibeam data and the petrologic composition of terrigenous grains on the Antarctic Peninsula [36] . The LIS has experienced an accelerated thinning process [48] , resulting in the unique depositional history of the LIS-B embayment revealed in the glacial detritus (U4), compared to the upper units (U1-2) that are more distal from the grounding line.
Illite Structure Responding to Depositional Environments
The average packet size of illite for the units showed a thickness difference of 2.1 nm between U1 and U2, suggesting depositional environments such as open marine condition and sub-ice shelf condition. This also indicates that a new population of clay particles was transported in open marine conditions [16] . There were different elemental compositions of illite-for example, a higher Fe content (1.2-1.7 times) measured in U1-2 than in U3-4 ( Figure 4) . We measured around 100 illite packets to acquire the Al/Si ratio for each unit. These values with SD (0.53 ± 0.03, 0.52 ± 0.06, 0.56 ± 0.03, and 0.58 ± 0.05, respectively) showed a variation between those values from U1-2 and U3-4, suggesting different depositional conditions or likely different sources. In addition, bio-reduced smectite showed an Al/Si difference of 0.02-0.05, compared with the non-reduced smectite [49] , indicating that small variation in Al/Si may respond to the geochemical alteration of minerals as observed in the present study. However, the present study is for the natural sediments that may have more factors to modify the illite composition, such as chemical/physical weathering as well as microbial alteration [5, 50] . These results may support two possible scenarios: (1) there were multiple sources of illite supply in the occasionally open marine conditions; or (2) alteration of illite modifies the chemical composition of the illite in response to the redox condition during the transition from glacial, to sub-ice shelf, to occasionally open marine conditions. Structural differences in the two groups of illite were measured in the Bragg's reflection of the SAED patterns, displaying diffused, randomly ordered (U3-4, Figure 4c,d) , and discretely ordered patterns (U1-2, Figure 4a,b) . Modification of illite crystal structures can be ascribed to the Fe-redox reaction that changes the lattice energy, causing Fe to be released from the structure [49] . Indeed, the content of structural Fe in illite for U3-4, the oxygen-limited conditions, is shown to be less than the content in U1-2, which was deposited in more oxygen-rich conditions when the open marine condition reached.
Provenance of Late Quaternary Glacial and Interglacial Sediments
The percentage of illite and smectite increased only in the upper unit (U1 , Table 1 ) of the core; the composition of clay minerals in the other core units was similar to the average clay composition of the Weddell Sea region [3] (illite:~60%, chlorite:~20%, kaolinite:~5-10%, smectite:~10-20%, Figure 5 ). The smectite/(illite + chlorite) ratio was highest in U1 and lowest in the glacial period (U3-4), suggesting a change in the relative significance of clay mineral sources [41] . Due to the retreat of these ice shelves in the interglacial period, the influence of the circulation of the Weddell Sea Gyre and bottom water currents increased [13, 51, 52] . As a result, illite-rich suspensions containing smectite were transported from the Weddell Sea by bottom waters and the Weddell Sea Gyre [13, 53] . Moreover, the ratio of the 5 Å/10 Å peak decreased in U1-2 (Figure 3 ), indicating that Mg and Fe replaced Al in the octahedral sheet of illite [54] . Illite with 10-12 wt % Fe content in U1-2 (Figure 4) , which is very uncommon in marine sediments, can be ascribed to biotite-bearing, highly metamorphic rocks frequently found in the East Antarctic craton [55] . The crystal structure of illite has less Al substitution at tetrahedral sites than mica [56] . This shows that the average chemical structure formula 2 ) is a trioctahedral subgroup that shows a higher Al content (more than 1) than Al in an illite tetrahedral sheet. For these reasons, it is clear that sediments at the upper part of EAP13-GC17 are mainly derived from the Weddell Sea region by Weddell Sea currents. On the other hand, illite and smectite were less abundant in U3-4, and higher 5 Å/10 Å ratios, with a 7-8 wt % Fe content, were observed in the illite. This illite was derived from low-grade metamorphic and felsic igneous rocks from West Antarctica [3, 55] . These results suggest that sediments were transported by the movements of glaciers, and supplied by melting water near the grounding zone of the LIS in the glacial period.
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Conclusions
A series of spectroscopic, microscopic, and chemical analyses of clay minerals in the continental shelf sediment beneath the LIS-B embayment reveals that the clay mineral composition and structure reflect changes in depositional environments during the glacial-interglacial periods. Mineralogical characteristics and geochemical data from the sediments suggest that they were mainly derived from the Weddell Sea during the interglacial period, and the Antarctic Peninsula during the glacial period. The variations in clay mineral composition in sedimentary facies reflect the different depositional settings from the LGM through the Holocene. These results are consistent with the variations of δ 13 C and δ 15 N values that determine whether sediments derived from terrestrial or marine sources. Moreover, altered illite with laminated facies and negative isotopic values indicates a sub-ice shelf condition. Overall, EAP13-GC17 demonstrated clear sedimentary sequences, mineralogical characteristics, and isotopic evidence from the LGM through the Holocene, including transitions from the glacial to sub-ice shelf conditions, and occasionally to open-sea conditions as well. [51] . Compositional variations in sediment core EAP13-GC17, as displayed by clay mineralogical wheel diagrams. Two different relative proportions of clay minerals are related to glacial and interglacial periods.
A series of spectroscopic, microscopic, and chemical analyses of clay minerals in the continental shelf sediment beneath the LIS-B embayment reveals that the clay mineral composition and structure reflect changes in depositional environments during the glacial-interglacial periods. Mineralogical characteristics and geochemical data from the sediments suggest that they were mainly derived from the Weddell Sea during the interglacial period, and the Antarctic Peninsula during the glacial period. The variations in clay mineral composition in sedimentary facies reflect the different depositional settings from the LGM through the Holocene. These results are consistent with the variations of δ 13 C and δ 15 N values that determine whether sediments derived from terrestrial or marine sources. Moreover, altered illite with laminated facies and negative isotopic values indicates a sub-ice shelf condition. Overall, EAP13-GC17 demonstrated clear sedimentary sequences, mineralogical characteristics, and isotopic evidence from the LGM through the Holocene, including transitions from the glacial to sub-ice shelf conditions, and occasionally to open-sea conditions as well.
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